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SECTION I

INTRODUCTION

The performance of the Global Positioning System (GPS) receiver may be

greatly improved by incorporation of L-Band Surface Acoustic Wave (SAW)

filters. The RF front end of the GPS system is shown in Figure 1. Microwave

power incident on the GPS antenna is amplified and diplexed. Signals from the

satellite transmitter are fed through the two SAW filters where unwanted signals

are filtered out. One frequency or the other is selected by a PIN diode switch

that has -50 dB isolation. The SAW filter must operate at L-Band frequencies,

have low insertion loss, excellent phase linearity, and good out of frequency

band rejection. Actual specifications for the filters are given in the next

section.

Low frequency, low-loss SAW filters in the 30 to 440 MHz frequency range

are highly developed and insertion loss as low as 2 dB with -50 dB sidelobes

have been reported. 1 Greater than 45 dB triple transit suppression is easily

achievable and these low frequency SAW devices are being produced regularly.

The 440 MHz upper limit to the three-phase undirectional transducer is a

result of the limitations of the fabrication process of the undirectional trans-

ducer utilizing gold crossovers. (See Reference 1, page 352, paragraph 3).

Three masks are required to fabricate the transducer (See Section V B) and

there is a critical alignment of the via hole mask to the electrode mask. As

the via hole becomes smaller with the increasing passband frequency of the

transducer the mask alignment becomes impossible above 440 MHz.

The group type unidirectional transducer2 also requires three masks In the

fabrication process, but because the electrodes are arranged in groups, the via

-1lma
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Figure 1. RF Front End of the GPS Receiver.
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Figure 2. Group-Type Unidirectional Transducer with Crossovers
on Both Sides.
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holes remain large and the mask alignment for the three levels is relatively

straighforward.

Group-type unidirectional transducers were first described by Yamamouchi.2

These early group structures utilized a meandering group line for single level

construction and loss as low as 1.0 dB was achieved at 100 MHz. However, at

1 to 2 GHz on ST-Quartz a meandering ground line would increase the parasitic

losses significantly making the gold crossover technique attractive for reducing

insertion loss.
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SECTION II

PROGRAM OBJECTIVES

The objective of this program was to produce L-Band SAW filters that would

meet the requirements of the CPS Manpack program. Specific electrical require-

ments for the filters are listed in Table I. The center frequencies shown are

still firm requirements. However, the 3 dB bandwidth was reduced to 15 MHz.

The midband insertion loss requirement has been changed to 12 dB and the

frequency sidelobe specification remains at -50 dB. The passband amplitude

ripple of less than I dB is well within the capability of present low-loss

SAW filters. None of the other specifications have changed. Lithium niobate

devices were to be studied because of their low insertion loss capability,

but because of temperature and phase problems, they are not realistic candi-

dates for the GPS receiver. Group-type unidirectional SAW filters have been

chosen as the approach to perform the filter function and meet the system

requirements. These type devices will be studied in the main body of this

report.
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TABLE 1

L-BAND SAW FILTER SPECIFICATIONS

Lithium Niobate Quartz
Device Device

Center Frequency,GHz 1.2276, 1.57542 1.2276, 1.57542

Bandwidth (3dB) 23MHz 18MHz

Midband Insertion Loss 43dB < 5dB

Rejertion (Out-of-Band) > 50dB >50dB

Passband Amplitude Ripple < l.OdB < l.OdB

Passband Phase Ripple < +7.500 z +7.500

Shape Factor f{594) 4 3:1 < 3:1

VSWR (Input & Output) K 2.0:1 -2.0:1
for 50 Ohm system

Operating Temperature Range -540C to +850C -540C to +850C
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SECTION III

L-BAND GROUP TYPE SAW FILTER THEORY

A. INSERTION LOSS IN L-BAND SAW FILTERS

Insertion loss is of prime importance for any filter that is employed in

the front end of a receiver. SAW filters are typical high for insertion loss

device and the problem is even more severe at L-Band frequencies where substrate

attenuation can be significant. Before the insertion loss contributions can be

calculated, the length of each transducer must be known. From Hartmann,
3

= (.73/B) log R2 , (1)

where = transducer length in microseconds,

B = transition bandwidth (-1.5 dB to -2.5 dB), and

R2 = sidelobe level.

If B is 16.0 MHz and R2 is -30 dB then the transducer is .07 microseconds long.

1. Propagation Loss

The transducers must be placed at least .05 cm apart to keep RF feed-

through down to a reasonable level if the crystals used are .025 cm thick.

The propagation path is then .074 cm or .234 microseconds. According to

Slobodnik 4 ,if the material is ST cut quartz,the surface attenuation in a vacuum

varies with the square of frequency and is 2.62 dB/microsecond at 1 GHz and

6.6 dB/microseconds at 1.57542 GHz. Propagation loss in a vacuum is then 1.5 dB.

If the device is sealed in air an additional .71 dB/microsecond for air loading

loss will result.

2. Diffraction Loss

Each transducer will be I1 wavelengths long. As the beamwidth of the

transducer is widened diffraction loss goes down and the parasitic finger

resistance goes up. To find the point of minimum loss, diffraction loss

-6-



has been traded off against parasitic finger resistance loss. The minimum loss

point is at about a 50 wavelength beamwidth. Diffraction loss at 50 wavelengths

is approximately .75 dB.

3. Parasitic Finger Resistance Loss

To keep mass loading from causing finger distortion, the metal

thickness has been assumed to be 500 angstroms. Finger resistance is then .9

ohm per square. For a 50 wavelength wide device the radiation resistance is

1922 ohm and the parallel capactive reactance is 270 ohm. The series resistance

of each transducer is then 37 ohm. Parasitic finger resistance is 1.08 ohm

per transducer and the insertion loss per transducer is .25 dB for a total of

.5 dB for the filter.

4. Package Parasitics and Matching Component Loss

Losses due to package parasitics can be significant especially if the

parasitic capacitance is comparable to the finger capacitance. The capacitors

used for matching should be high Q chip types and the inductors air wound for

high Q. The Q of these components will directly influence insertion loss. The

Q that may be achieved at L-Band for air wound inductors is on the order of 10

to 50 depending on the size of the inductor.

5. Total Insertion Loss

The total insertion loss predicted by the preceding calculations

is shown in Table 2 as 4.45 dB. This is less than the 5.0 dB in the specification

of Table 1. However, it is possible to reduce the loss even further by 1) moving

the transducers closer together, and 2) increasing the metal thickness to 1000

angstroms. The first possibility would increase RF feedthrough, however, it is

possible that shielding could solve this problem. The second would cause mass

loading reflections and loss but it is not known how much distortion would be

evident.
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TABLE 2

LOSS CONTRIBUTIONS L-BAND FILERS

Propagation Loss 2.2dB

Diffraction Loss .75dB

Parasitic Finger Resistance .5dB

Matching Network Loss l.OdB

TOTAL 4.45dB
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B. GROUP TYPE UNIDIRECTIONAL TRANSDUCER THEORY

The configuration is essentially two bi-directional transducers placed

90 degrees out of phase (acoustically) on the substrate. The transducer frequency

response will be the same as one of those bi-directional transducers. However,

the insertion loss will be low due to the power from the two bi-directional

transducers adding in phase in one direction and cancelling in the other.

The transducer design approach is shown in Figure 2. The electrodes are

arranged in packets and several packets make up one group. In order to balance

parasitics in the transducer each packet is connected to bonding pads after going

under an air gap crossover. These crossovers are on both sides of the transducer

and balance parasitics between the two groups because they experience the same

crossover capacitance and electrode resistance.

The devices are fabricated by visual alignment of three photo-masks. One

contact pad per wavelength at L-Band frequencies would make visual alignment

of masks impossible. However, four or five wavelengths per contact pad as

shown will result in an adequate pad size.

As shown in Figure 2, the fingers of each transducer will be placed in

"packets" of 2 to 5 wavelengths each with every other packet 90 degrees or 1/4

wavelength out of phase acoustically with its neighbor. With a +90' electrical

phase shift of Group 1 from Group 2, thern a wave travelling in the direction of

propagation will add in phase with its neighbor. A wave going the opposite direction

will then be 180 degrees out of phase with its neghbors and cancellation will occur.

1. Unweighted Transducer Theory

The Fourier series for the group type unidirectional transducer is given

in reference 2. When matched, the group-type unidirectional will have a

large forward wave and a small backward wave. The expression tor the frequency

-9-



response of an unweighted filter is given by:

3 I N / NI)

where for the backward wave is 180 degrees out of phase from the forward

wave.

Sax = sinx/x

) = 2Trf where f is frequency, MHz

= wavelengths in 1/2 of a group, microsecond

T = wavelengths in one group

f = frequency, MHz; fo . device center frequency

W = 20'/T, rad/sec

10 = overall transducer length, microsecond

Figure 3 shows the square wave modulation of one group of the group-type

unidirectional transducer. The overall length of the transducer,j 0 , influences

the main response. The period of the transducer, T, determines how close to the

main lobe the spurious lobes will be. The time length,/ , of each group of

fingers affects the roll-off of the spurious lobes with respect to the main

lobe.

The sidelobe locations are given by:

fl =  fo 62)
(1 + /N (

where

fo = centel frequency main lobe, MHz,
fl = spurious lobe frequency, MHz,
N - number of electrodes in a group.

fl/fo will be .8 for 4 electrodes per group. Since the spurious lobes will

be equally spaced in frequency on either side of the main lobe, there will

also be a spurious lobe on the high frequency side at fl/fo = 1.2

-10-
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Figure 3. Square Wave Modulation of a Bi-Directional Transducer.



a. Theoretical Results

The above expressions have been programmed into our HP 9825 computing system

and some theoretical results have been obtained. Figure 4 is a theoretical freq-

uency response of a 250 MHz prototype device. The program thus far only uses the

above equations and no equivalent circuit model has been used to show rejection

of the spurious sidelobes. The response of Figure 4 is for both transducers.

Note that the first spurious sidelobes are at 200 and 300 MHz. By equation 2

this would correspond to 4 electrodes per group or two active and 2 grounded

electrodes per group.

Another way to find the frequency response of a transducer is to perform a

Fast-Fourier-Transforme (FFT) on the time envelope. Figure 5 is a plot of the FFT

result on the 250MHz group-type transducer with N=4. It must be emphasized

that this FtT is for only one transducer whereas Figure 4 was for two transducers.

Note that from Figures 4 and 5 the spurious lobes are down only 4 or 5 dB

from the main lobe. For group-type unidirectional filters constructed on

lithium niobate this could be a problem. Since the impedance of the lithium

niobate transducer is quite low (could be near 50 ohms), the spurious lobes

will have relatively low loss unmatched. When the device is matched, only

the matching network components will attenuate these lobes. The problem will

not he as serious on ST-quartz because the transducer has a relatively high impedance

unmatched. When the main lobe is matched, the spurious sidelobes should stay

suprcssed and also be attenuated by the matching network components.

2. Weighted Transducer Theory

The weighting on a group type unidirectional transducer is accomplished

basically by weighting one group with apodization or withdrawal of electrodes

and then applying the same weighting of the other group. Taking a FFT of one of

the groups will then give the unmatched frequency response of the transducers.

-12-
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Both types of weighting will be examined in this report.

a. Apodized Weighting and the Group Type Structure

The most difficult problem with over-lap weighting is developing a scheme that

will allow the parasitics to be balanced and the surface wave velocity under the

electrodes to remain constant. Figure 6 is the representation of how this has

been accomplished. In Figure 6 (A) various packets of one group of a transducer

are shown with typical weighting on them. Packet A has very little weighting

and is the same as E if the weighting scheme is symmetrical. Packets B and D also

have the same weighting, and the full overlap of the transducer occurs at the

center. In order to balance parasitic capacitance, resistance and inductance

for both groups, a scheme must be worked out to have crossover ground bars

on both sides of the transducer. The technique is depicted in Figure 6 (B),

where at the center of the transducer the group is flipped as shown. In

Figure 6 (C), Group 2 is now added shown in the dotted lines. Packets A and

A', though on different ends of the transducer, interact with each other because

they are a net 900 out of phase on the substrate. C interacts at the center of

the transducer with C' and D interacts with D'. The arrows at A and E' indicates

the direction in which the connections are made to those packets. Figure 2

showed how the connections were made on both sides of the transducer for an

unweighted transducer. The weighted transducer will look the same except for

the apodization and flipping at the center.

A ,lot is given for the theoretical frequency response of the apodized

transducer in Figure 7. The weighting is Dolph-Chebyhev with a Taylor series

approximation. The assumed sidelobes are -35dB and there are 5 wavelengths

between packets. This puts the spurious lobes at .8f, and 1.2f o . Further

-15-
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Figtire 6. Apodizing the Group-Type Unidirectional Transducer.
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det;iils of the actual waveform are given in the appendix.

h. Withdrawal Weighting with the Group Type Unidirectional Transducer

Withdrawal weighting is performed simply on the group type Unidirectional

transducer by applying the weighting to one group and then the same weighting

to the other group. The withdrawal is performed by the use of a Computer

prog~rarn developed at Texas Instruments in the early 1970's. The methods of

withdrawal is described in a paper by Hartmann.5 A typical frequency response

of one transducer is shown in Figure 8.

C. HARMONIC DEVICES

Low loss harmonic filters are theoretically possible using the group type

Unidirectional structure. The spurious lobes will be closer in to the main

lobe because at the fundamental the spurious lobes are closer to the fundamental

at the lower frequency, and the spacing will stay the same at the harmonic.

This may not be a totally limiting factor in that the location of the spurious

lobes may be controlled to some extent by going to the minimum number of wave-

lengths in a packet of fingers. (See Equation 2).

In designing a harmionic device it is necessary that the amount of phase

shift between groups at the fundamental be such that at the harmonic frequency

there is a met 900 of shift. One other limiting factor is the number of wave-

lengths of transducer at the fundamental may cause too few of samples to do

an adequate job of withdrawal weighting a transducer.

This is the case with the CI'S filters where at the third harmonic the device

has 80 wavelengths per transducer. Them at the fundamental there is only 80

divided by 3 or 27 wavelengths to weight the transducer. An example of the

fundamental of the 1575.42 MHz device is shown in Figure 9. Note that the

spurious lobes are only (.8)(525. 14) = 420 and 525-420 = 105 MHz from the

fundamental. No harmonic L-Rand filters were produced uinder this program.
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SECTION IV

IMPEDANCE MATCHING AND PHASING OF THE GROUP TRANSDUCER

The first group-type unidirectional transducers used 900 lengths of coaxial

line to produce the necesary phase shift. 2 This worked well for lithium niobate

devices where the transducer impedance was near 50 ohms. However, for devices

constructed on ST-quartz matching in and out of the coaxial line would present

a difficult problem. Malocha 6 developed a technique for matching and phasing

the group-type unidirectional transducer on ST-quartz using only two components.

Consider the schematic for the group-type transducer shown in Figure 10.

Z 12 is the input impedance of the device phased with components X1 and X2 .

The phase shift from phase I to phase 2 through X1 and X2 will most likely

be achieved with inductors for ST-quartz and at least one will be a capacitor

for lithium niobate substrates. These component values can be calculated

from the following:

XI = A(cosG+ sind), (3)

X2 = A(sinS- cosO), (4)

Z)I2 = JAcos8I. (5)

A and can be calculated from the transducer parameters.

A = [nfoCs ()2 + (8k2n)2] - (6)

and

0=tan- ir (7)

where

fo - center frequency, MHz

n = number of electrodes in 1/2 transducer

-21-
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Cs - capacitance one finger pair

k2  - coupling coefficient

It is interesting to note that e only depends on the coupling coefficient

and the number of finger pair. However, any significant parasitic capacitance

or inductance can change E .

Equations 3-7 will be used in making component calculations in the next

Section.
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SECTION V

DEVICE FABRICATION AND PACKAGING

A. PHOTOMASK CONSTRUCTION

The photomasks are fabricated using either one of two electron-beam pattern-

ing machines in Texas Instruments Central Research Laboratory. The masks are

5.08 x 5.08 x .15 cm glass plates with 200 angstroms of chromium deposited by

evaporation. A negative E-Beam resist is spread in a thin coating over the

chromium. The pattern is exposed with an electron beam and lines as small as

.4 micron have been fabricated. The resist is developed and the unw3nted chrome

is removed using an ion-milling process.

The first level mask contains the interdigital finger structure and is shown in

Figure 11. This is an unweighted transducer with 5 acoustic wavelengths in

the periodic structure of a group. Figure 11 shows the transducer structure

for the unweighted 1227.6 MHz ST-quartz device. Only one side of the transducer

is shown but both sides are constructed the same. The parasitics are balanced

with the pads shown as ground on both sides and the two phases going between

the ground pads on both sides of the transducer.

B. DEVICE FABRICATION

Fabrication of the group-type unidirectional transducer utilizing air

insulated crossovers was described by Rosenfeld. 4 The steps in the fabrication

process include 1) defining the aluminum finger pattern on the substrate, 2)

sputtering a layer of moly and etching the via holes, 3) sputtering titanium

tungsten-gold, 4) elecrochemically plating thick gold reflections from the large

-24-
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I
ground bar. The device still has crossovers, and 6) etching away the moly to

leave the air insulated gold crossovers. Figure 12 shows an SEM of the air

insulated crossovers.

This proven fabrication process was developed at Texas Instruments and is

highly developed. Therefore, no funds from this contract were expended in

developing the process further.

C. E-BEAM MASK MAKING DIFFICULTIES

The fabrication of upper L-Band *SAW devices dictates that E-Beam mask making

facilities be employed. For example, a SAW filter at a frequency of 1575 MHz

requires interdigital lines and spaces of ontly 0.48 microns. This Is near the

limit of existing E-Beam machine capabilities and can only be achieved when

the facility is fine tuned and working to its' peak potential. Since less

than 1 micron resolutions are not generally required for IC fabricat'on, very

little of such experience exists at T.I. As a result, considerable difficulties

were encountered in our attempt to produce masks suitable for this program.

This in turn limited our ability to experimental evaluate many of the theoreti-

cally generated designs. It is uncertain at this time whether the masks neces-

sary to follow through with the experimental portion of this effort will be

available by the specified contract delivery dates.

D. PACKAGING

Packaging of the devices in a low parasitic environment is crucial to the

performance of the filters. The following concepts have h'.elped in packaging

L-Band SA'4 filters:

1. No RF feedthroughs may be used between the transducers and matching

networks.

*L-Band denotes frequencies between 890 Mqz and 2000 MHz for purposes of this

report.

-25-
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Figure 12. SEM of Air lInsulated Gold Crossovers.
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PACKAGING (CONTINUED)

2. Low parasitic capacitance must be maintained with PC boards that

contain the matching components.

3. RF shielding must be incorporated to eliminate feedthroughs.

Two packages have been employed to accomplish the above goals. They are

shown in Figure 13a and 13b. Figure 13a is the prototype package and has been

used for testing the devices on this contract. Figure 13b will be the final

package for the CPS receiver.
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SECTION VI

DEVICE DESIGNS AND RESULTS

Group type unidirectional SAW devices have been designed, constructed

and tested at the following frequencies:

1. 961MHz unweighted, crossovers on one side

2. 250MHz unweighted, crossovers on one side

3. 1227.6MHz unweighted, crossovers on both sides (ST-quartz

and lithium niobate)

4. 1227.6MHz weighted, crossovers on both sides.

Other devices were designed but masks of sufficient quality for device fabri-

cation were not obtained during the time available for this program.

A. LITHIUM NIOBATE DESIGN AT 961MHz

The first group-type unidirectional filter produced at Texas Instruments

was constructed on lithium niobate with a center frequency of at 961 M11z. The

two transducers were 95 wavelengths long, constructed like Figure 14 with

crossovers only on one side. The transducer beamwidth was .015 inches or 39

wavelengths. From equations 3-7 this means that X1 = 22 ohms or an inductor

of 4nh. X2 - 10 ohm or a capacitor of 16 pf. The transducer heamwidth was

not chosen correctly to utilize the series tuned approach to matching and

phasing the transducers.

The approach employed to match the device was to use a 9()o long coaxial lile

with matching components at each end of the line. This was a crude method and

may have contributed to the insertion loss. The insertion loss after matching

was measured to be 6.5 dB and was probably due to narrow fingers and poor

match ing.

A photograph of one transducer Is shown in Figure 15. Both groups are con-

nected at one side of the transducer utilizing the gold crossover. This resulted
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Figure 15. 961 MHz Group-Type Transducer.
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Figure 1 h. L-B;ind SAtW Filiter with h*.5 dB I nsert ion Los~s.
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with parasitics that were not balanced and contributed further to additional

insertion loss and the inability to totally match the filter.

The main passband response of the device is shown in Figure 16. Since it

is an unweighted transducer, the response shows poor sidelobes. RF feedthrough

is also an obvious problem with the crosstalk level only 30dB down from the

main passband. Additional packaging effort could have reduced the crosstalk.

Not shown are the spurious lobes at 768.8 and 1153.2MHz. These lobes occurred

exactly where the theory would have predicted them.

B. 250MHz L-BAND PROTOTYPE ON ST-QUARTZ

To try to understand the group-type unidirectional transducer without the

packaging parasitics that occur at L-Band frequencies, a device was constructed

at 25H1 Mlhz on ST-Quartz. The transducer was 65 wavelengths long, which represents

a handwidth of just over 1 percent at 250 MHz. The period, T, of the transducer

was 5 wavelengths long so so that the spurious lobes would appear at .8 x 250

200 MHz and 1.2 x 250 = 300 MHz.

The series tuning approach was chosen to see if the technique could be used

at L-Band frequencies. Employing equation 7, e turned out to be 86.56 degrees

and A from equation 6 was 624. The two phasing inductors came out to be 421 nh

and 373 nh. Z 12 from equation 5 was predicted to be 37 ohms. Parasitic feed-

through capacitance of the package shown in Figure 17 changed considerably the

final values of the phasing inductors from 400nh to between 100 and 200nh. More

importantly Z°12 became very low in impedance and capacitance. Therefore, a

matching network was necessary and the total number of components needed per

transducer was four.

A photograph of the final transducer structure is shown in Figure 18. There

are two large ground bars in the interdigital finger structure. One of them, as

shown in Figure 14 , is 1 wavelength wide and the other 1/2 wavelength wide with 1/4
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4 wavelength between the two. It is hoped that this might cut down on spurious

reflections from the large ground bar. The device still has a crossover on

only one side as did the 961 MHz device.

The electrical results from the device were excellent. The insertion loss

in the middle of the passband was 3.9 dB, when matched and phased to 50 ohms.

Figure 19a shows the inband response and the Smith chart of the impedance

of one transducer. A small amount of ripple is evident in the pa'sband and

could be caused by two things. The first is acoustic reflections of the 1/4

wavelength fingers in each group. The second is the possibility that the

device was not perfectly phased due to imbalance of parasitics. Figure 19b

shows the first spurious sidelobes quite clearly at 200 and 300 MHz. They

are suppressed due to the matching and phasing network only acting on the

main2 obe.

C. 1233 MHz UNWEIGHTED LITHIUM NIOBATE FILTER

A filter was designed using Y-Z lithium niobate as a substrate and 15 MHz

bandwidth as a design goal. Figure 20a is the frequency response of the device

showing an insertion loss of 4.6 dB. The filter was unweighted so the sidelobe

level was -19 dB near in. Figure 20b shows the first three spurious sidelobes

with an apparent null occurring in each spurious passband.

To insure that the spurious sidelobes from each transducer will not reinforce

each other, each transducer is designed with spurious lobes at different

frequencies. Equation 2 can be used to determine where the lobes will be located

with various "packet" sizes for the group structure. For the device of Figure

20 N in Equation 1 was 4 for one transducer and 6 for the other. The resulting

first spurious lobe frequencies are 1056 and 986MHz.
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Figure 20. 1233 MHz lnweighted Lithium Niohate Filter Results.



The matching network for the device of Figure 20 consists of two series

matching components per transducer. Connected to phase 1 of the transducer

is a 9 nh inductor and to phase 2 a 3.3 pf capacitor. Bond lead parasitic

inductance was taken into account to determine these two values. The output

is taken at the connection point between the two components where the impedance

is real and about 50 ohms. The matching technique is described in more detail

in reference 6.

D. 1233MHz UNWEIGHTED ST-QUARTZ FILTER

To this date both matching and phasing of an ST-Quartz device have not been

accomplished at the same time. It will require 4 components to do this and the

present package being utilized will accomodate only two components.

An ST-Quartz device that has been matched but not fully phased is shown in

Figure 21. It is an unweighted device designed for 15 MHz bandwidth. The near

in sidelobes are down 30 dB but will come up as the device is phased properly.

Ripple in the passband also indicates improper phasing.

Figure 22 is the same unweighted device with one transducer reverse phased.

Note the good sharp null in the passband indicating proper phasing. Also dis-

played is the Smith Chart impedance of the device at the input to the phasing

network. Whether the device is forward or reverse phased, this will be the

impedance of the transducer. A matching network can then be calculated to

both match and phase the device to 50 ohms.

Figure 23 shows the main passband of the device along with the spurious

response on the low frequency side of the two transducers. These lobes are

suppressed 45 d8 in this non-phased device and should be down over 50 dB

in a properly matched and phased device. In fact, on the 250 MHz unweighted

prototype device that was properly matched and phased, the spurious lobes are

down -55 dB.
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Figure 22. Frequency Response of the St-Qruartz Filter with one
Transducer Reverse Phased.
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E. 1233 MHz WEIGHTED ST-QUARTZ FILTER

The only scheme to reduce frequency sidelobes implemented to date has been

overlap weighting. Figure 24 shows the weighting in the center of the apodized

transducer. The pads shown are ground pads and the device has balanced parasitics

with crossovers on both sides. This transducer is a Taylor Series approximation

to the Dolph-Chebyshev weighting function with -35dB sidelobes.

Figure 25 shows the frequency response with -45dB sidelobes. The unweighted

transducer will have -13dB sidelobes, so that the theoretical sidelobe level would

be -48dB. This is in agreement with the approximate sidelobes realized.

A null in the mainlobe can be obtained when the weighted transducer is reverse

phased. Figure 26 is the frequency response and polar plot with the unweighted

transducer matched and the weighted transducer reverse phased. The impedance is

such that two additional matching components will be required to match and phase

the device.
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SECTION VII

CONCLUSIONS AND RECOMMENDATIONS

The mask making process has been troublesome but good devices have been con-

structed. Lithium niobate filters wth 4.6 dB of insertion loss have been proven

feasible at 1233 MHz. Sidelobe weighting using a special apodization technique

has been proven to work well and an ST-quartz device with -47 dB sidelobes was

observed. Withdrawal weighting was shown to be theoretically possible but never

proven. Package parasitics were difficult to overcome but a new package promises

to eliminate parasitic capacitance -- the most difficult packaging problem.

Many parameters were never measured because masks for the high frequency devices

were never adequately constructed. One of these parameters is the phase linearity

tracking between the two frequencies over temperature. This parameter is crucial

to proper operation of the CPS system.

It is recommended that work be continued in the L-Band filter area. An

alternate approache to improve performance presently being tried at Texas

Instruments are 2nd and 3rd harmonic filters. These approaches have their own

special problems with spurious lobes being too close and sidelobe suppression

being quite difficult. Also, direct E-Beam slice writing could be employed to

eliminate difficult fabrication steps and improve resolution.
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APPENDIX

GROUP TYPE TRANSI)UCER DESIGN AND COMPl'T. R PRI(;RAM

The design of a weighted group type unidirectiotial transdut-r I41 be pr,.wnt,,d

in this section. The following steps are necessary in exerutinr the dJc-ign:

1. Determine the waveform weighting tunction.

2. Calculate the exact transducer length fo)r ,:cie grouip.

3. Run the waveform computer program.

4. Use the output of the waveform program to d,) an FFT to ma l vs,

the frequency response of the transducer.

5. Use the output of the waveform program to run the main ,,roup-tvpe

transducer program to obtain mask making cards.

These steps will be discussed in the following sections and an a'tuail design

will be presented. The design is for the apodized transducer of the dvvice in

Section IV D.

A. WAVEFORM WEIGHTING FUNCTION

Many different weighting functions are possible, but there is one thnlt se,*.s

to combine optimum length of a transducer with sidelohe level. That tontirnc is

known as the Taylor Series approximation to the Dolph-ChebYshev Polynmi-il. \ c.,iv

of that program has been included along with the output from it.

One data card is required to run the waveform computer program. Inputs t',

the program are described in the text so it is not necessary here to list thcm.

IWVFM-I, NBAR=lO, BRECT=O.(window function), TIM=.0993809, SIOBl =-3Th., Hi4=4, ,

FO=1227.6, IGP=5 . The term called BW is only used when doing the FFT f,,r the



requtentov respno andt set ; t he hanodw id th over which the FFT is pe rfo rmted.

the vsiri ah le cal led IGP i1 thle number of wave lent hs from one packet to another

i one rtp TIM! is ca lckilated in the following way: There should be ain

,'x-act ntimber )I 'avt lengt is tr nm one cnd of the group to tile other. The

!it er )t t he Iirsr tinge- Thold be at 0.11 time and the last finger should

.at 1) 1 04 91 i , r -;e C TI 1s. If thL1)e -e n t r fr equtencyv is mult i plied by the

nIel 't the, t ransdunc-r the numher of wavelengths in one group comes

N [ 22. Thi n variable should he a whole number of wavelengths and the

mh rt packet s shotil 1 h odd so that t he peak of the waive form occurs in a

actket. There, ire 2 paickets ion this pirt i cuLar design. The number of

paickets mayv be ci Icti IIt id bythe to I loaing eqtiat ion:

-2N/ + hAP +t I
I h

The F FT of the out put of the watve form program is shown i n F igure 7.

'-tre thatf it is, purol-v theoretical and contains no matching or insertion loss

(t tect'. The s;pirittis; lobes; are as predicted bv E~quat ion '2 at .8 F, and

1 2 T- .

*i RI-% I N(. -TW- MA :N (;RM '1P TRANS 1)171KR PROGtRAMI

lt'ma i n g rt1-tp-tV1) ttni ilrectitonalI t r ,iniis d kttcer c ()m p ut tr ptr o)gram for

yve rIq wti gh ted t rainsdto( rs does ntt hiiny more titan produce computer ou t put

*.r e it her ini 1-hoea o r ( t rhe r pl ot t ing maichIine. Thte F-beam mnachine is used

tn, lbatttl SAW t ii t r mais simd the (;terber plott ting machine wats uised for

2 gl gr otot )- t vp to v ,(11id ret t i on 111 de'V i ce.



Inputs to the program are not described in the program itself and so

will be listed here. The input data card contains:

IGP=5, The number of acoustic wavelengths from the center of
one packet to the next.

VEL=.123561, The acoustic velocity in inches per microsecond

FO=i227.6, The device center frequency, Megahertz

TIM=.0993809, The acoustic time length, Microseconds

BMWID=.OC" The transducer beamwidth at full overlap, inches

FING=.'). , Finger width in mils

RED = XXXX, Reduction ratio for Gerber plotter photomasks

The waveform data cards follow the data card described above.

The computer program consists of a main routine and many other subroutines.

The DO loop numbered 20 in the main routine is the heart of the program.

The transducer is constructed from left to right with the left side being 0.

Figure 2 looks much like the final transducer. First are some ground fingers

to set the acoustic velocity. The subroutine for calculating the location

and size of these fingers is called GRFING. Next are the periodic ground

fingers called GRDI. After that, the first packet of PHASEI(group I) is

calculated. Then the second set of ground fingers is called and after that

PHASE2 (Group 2) is calculated. The process is repeated until all packets

are finished. Some sample E-Beam data output is also shown in Section 4.
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C. WAVEFORM COMPUTER PROGRAM
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J.01J99701 0.0
0.0140'37 0.0

30. U.01181161 U.0)
-A.0.0122 hb96 O.jilb85425771-42j.00

12. 0.Ut2oe20 ~ -. 3213934'.090o0*00
il. 0.OL30335b J.3371l12ll779t~lbJ+UU

34 .013'.'.db -. 34b8dl1 17l5900)+'0
35. O.0I384816 0.350*,e429444'U+00

W. .Ub*25546 0.0
it. O.OL'.b6216 0.0

3.J.d1l00lub J0.0
J.,. 0.041135 0.0

4(). 0.tJI5dd465 0.0
.1 * .U1029[95 0.1.3d'.15,dicoJ JJ

4. * . 01669I2) -. %.23J'90490d0b 72L)+OU
.3.J.ul.71065 U.4#3291~7td1lleuj0
.4 .011 51385 -. 4'o2jL01d8jLl2J+00
~.. .01 19Z11 0.s*5Z3315ifibd080.00

4b6. J.0tiJ.2845i 0.0
'4 L.01d13J574 0.0

0.O01o14304 0.0
~$10I1 P5503', -I)- 0.0

J.JL9951b'. 0.0
0.02o36.9 0.5L.2)3J35i117334Li+00



52. U.Ue017UZ4 -. 5,Zd1bt212JD+Ou
06 .U2t117954 0. P33L810459ou?30*0U

5.0.02158684 -. 5#35Id23555J-00
t.U. 02i99i43 0.5 )400093932 1300+00

5b. O.022't0l'3 0.0
57. O.02280873 O.0

5.0.0232l6O3 0.0
3,.0.023bZ333 0.0

Ou. U.02403063 0.0
ul U.02't'.371i 0.b 159'9J991d45cb8J.0

(j1. O.02484523 -. u~o1200tL4'2d3JU*00
(A. u.j25Z5253 0.u 361 2obb6c7Li0*0

4. .0 65982 - . o. 61.16 4 72 10.J00 +J

0.02606712 U.c 6'IbbdJ0

0.020~d1l72 0.0
U (5 J.J0212S'902 0.0

U,.0.0 27IU9032 J.0
1j. U.02i3103b2 0.0
it. 0.02851092 0.7 1325782i5250+UU
72. 0.028d91821 -. fZ343d4i613.i190+JU
.j. 0.u.)q32551 U0. I ) 2 d U 4 I't 9 eb L+0

1't. O.0..913,Zd1 -. 1-t2 5I1764d110+00
15. J.J3J140±1 0.f1i4L215d2b54&0*00

17. 0.4309547L 0.0
16. U.031l3o201 .
1 0. 0.030b6931 G.J
ti0. O.V3217000 J.,)

oL. 0.03256390 U.uo:)914I. o~j~5ot00
82. 0.032e99120 -. u ,3b250v3bL1o&,0*
13. 0.03119d50 0~o.2JlJ5',USJ30.00O
34. U.U-138O58O -. OJZ00u4b9 d3k*00

1;5.0.03421310 0.ddjjji002b-td0+Oj
iib. J.03462040 0.0
i 7. U.J350,2770 0.j
88. J0354S'350U .

lild. O0.03584229 0'
)U0. 0.03u2,4959 0.0

UI .J3b65bd09 0.6d12934559b73J020*0
,72 J.OJ1/0,'? 93Jb553UU

V4 .0,761819 -. ,i28U 7 0 35 5 3.110L)*
04. .03828609 o.,i ,9U9J5d7t'ib3Jt00

96. 0.03869339 0.0
I.0.039LO0068.

'08. 0.0395U796 0.0
V9 .U09L2d 0.0

100. 0.04032258 0.0
101. 0.04072988 J.44300d79305Id7t+O0
102. 0.04113118 -. 9.80U2U924409I7U*00
IJ3. J.04154448 U.952e834d94590470*00
1)4. J.J41y5178 -. 9'.144JJ287t52,U00
135. 0.04235907 0.voIAd385ibd8u31U+%00
1ob. U.0'.Zlboll 0.0
101. 0.04.317367 0.u
108. O.0'.356097 0.0
109. 0.C,4398827 0.0
I10. 0.U4439551 U,
I1L1. 0.04480287 0.",i33S9.590'.ti730*00

112. .04521017 -.9zib~b39152ub190+0
ii,.0.04561146 J.9od53735939b340*00

L14. 0.04602476 -.9)i016020b753540*00
1II,. 0.046'.,206 J.9,i2734'.8bS34o40.0
116. 0.046839Jb -11- 0.0

111.0.04.724bbb 0.0



0.0'.O~lb0.0
120. .04td4686 0.0
i2. .U'tbdl5)Bb U.995!3125b5UL*JU

L22. J09231l5 -.999d8d98Ljb53o~U0u

0.05009715 -.999b~b983b3Si1J*AJ

12. .05050U'05 U.99955538~02490+00

i2~. 0J509L435 0.4)

U.0 I 72tb9t, 0.0

12. 4U2i3't25 0.0
1$). 0.05454154. 0.0

131. J.0529'.884' U.473.505738itJJ
0.3335fi4 -.99016022d2eL7OtO-0
0. 053IL3.4s' U.986531it63419880*U0

j ,~J.0U,'.1i84 U.96Ji392d821LeJOt00

Ii,. .J54534 0.0
0.055392o4 0.0)

0. J5b6 I i 0 .0

1.. .35J183 O.,2rLd 5oO 34* 60+ d
0.2 u.0t429 13 - .91o4,i?4ooL,)L0+jD

u.0562%t31 -. 91*O02091',b9L62Uk00
Ut) i0tJ) ,51 J) 0.Y,*jUjdd45jeb Jut 0U

14bJ. J.U5905t033 0.U

t~4i. .J5987 '2 0.0
U0bU bd 2 0.0
U.UiJobbl52 U.0

1~~1. .061044b2 0.4Ov019L2,!J.3 9Jj+0O
O~..O(k50,A -. 9j078~ol572J+O

O.0oe3b 12 -. dd97374j! IL22oj+0U

jr.U. Lbl,:7.J. i 0.66214b 30 2030+00

J~~ o. Ozs13 13 1 0.0

L J. 0. J6353861 0.0

I J 0. Ob13 532 1 .

10,. 0.0647uO51 0.0)
1Il O .OU51tI181 O.d~d3UL0d'4bb4J00

1.2. 0.0o5 ,TtiL -.83J23db8d1840ou0+U

ib.. 0.0o5982'. U.d22U10bI90'.7OUU+JU

Lw.. .Obb38970 -.d 13645L3U&~y33400

0.0bol~~luo J.0JlY89l9JJ

1 a I. J.061 6ilbo 0.0J

Lod. 0.0bbuild90 .

l1U. %0.UtbbJ3-0 0.0
I It. j.U69Z4UbJ J. V)L s L30L Jd L h) 00

112. J.Ub9648U9 -. f4ZL5L8d121L70*00
Ll.. 0.U0(05539 j.lj28d2999j23U+00
Lf,. O.046269' -. 7234.3d2$J~dJJ.

O.O1ubb949 071t-492l5.:1901D0UU

Ill. O.Ullod.5 0.0
0.01 eU91t9 0.0

LI,.0.0124(1919 0.0

18J. 0.J 1 90(>48t J.0L
1~i.J.013)1310' U. b0'.5Jdd'3l0)*00

O.U13I2l03 -12- -. b.bl'.1489311U004u0

I J.u U..1~I .bibi lz 1b8 L ?166 *00



1~4.0.0's53c~-.obj020'..46390t00
18). .0 7Lt94298 0.uLS'9 9 1 LO1841LU*0
h3~. .0I535026 0.0

lot. J.J7575,758 U
1~. .u7616481 0.0
ItY.U.0lb5Iz17 U.u

1110. 0.07697947 J.0
191. J .0736411 0.5340O0459u9IID*00
192. 0.01779407 -. 543VI2b9u37U400

I ~i 3. 0. o 1Zu I 7 0.533LidI 52i2 ?4oj.00

LIP). O.U7901597 'O.5L2503b169j2000*Q0
I -b. 0.0794232b 0.0
1 ?. U.0798305o .

u9A .0iJU23766 0.0
U.08064516 0.0

200. O.0810524C U.U

i02. U.(Jt10bljt -.-*t2.u2LL7 Ib3olcaiU0U
203. 0.06227't3b 0.'t32vuib97IO7OobJ*00
2w*. U.06.L681cjb -. ,*2339U5ddb54'.50U0U
l2:r. 0.OdI00d95 0.4'd3d4525i5c)I()oJ*00
2u(>. 0.0a.)49625, 0.0
2u7. U.0~i90355 0.0

2 .od*310d5 J.0
J's . 0.06471815 0.0

Z13. J.Jdb3473', J.33?iI2d1 7 e1-4,I00
Z14. 0. 08b75464 -. J27393J4I'35 i)t310*00
' 1.. w.Ob7Lbl94 J.i1 7ub55249j510o*00
21b. O.0d75b92* 0.0

I218. 0.oo83d36'* J.0i
2ii.U.0881911. 0.0
220.U.089L9844 0.0
/21* .U8960573 J.e2J0iib043010b0+UO

222. 0.09001.303 - .ie~31t3 1~iId0*0j
,2.0. 04u42033 0.2'.5920932o'I0440*00

224. o...i90d27 0 3 -. eJaj560'4413.J6U#OJ
e'.0.091234.91 0.,.31 437910110UJO*0

I-et. 0.09164223 0.0
?21. J.09204953 0.0
22(j. O.092456d3 0.0
Z19. 0.092864L3 0.0
2 30 . 0.09321142 0.0
2ji. * .0930 787? O.,.4L79137~d4kJ*00
232. O.09*08b02 -. 20L85407d6730*00
e33. O.U9449332 0.2001 1d212.8i0'00
234. O.U9490362 -. 14bdd55U976292L).0

2.0.095.0 19.2 0.l1 1132:J9biu0
136. J.Uqt51522 0.0
e'37. O.0vbL2252 U.0

OU9652981 0.0
I.3j. 0.J9693111 -
240. 0.09734441 0.0

2~I.J.0915171 0. 19914'.JL02VIU4J.00
O.09615901 -. 1q9Jr1?1~I53D+00
J.0985bo3i U.199L1349q47jZZ)*00

Z4~4. 0..09897361i -. Z001332)b30a7I00+00
245. 0.9IGL9 .i0UZJ90.>47bS)IaJ



D. APODIZED GROUP-TYPE TRANSDUCER PROGRAM
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DIME-NS IJN X1fCOi #VL( 700) #yU oI ,,iJ17001 AK'I LOU)vX.LI 100) p
LSL k( 1,11 ,sL TL 11031 oPHI LJ I Pti OO)#VL( 00 ) p R(0OO.'I( u3) I

L t.>L T(3jri - I L I DO, ztLL IL( 1U OI),L ILL1103 1

L 10='n toLAM PKJN~TuT
L 10J=1 ti3LA,4 t'jjNLt
L IG=2 tE(tER 'RINILUl
L LJ= GEKdCjk PULNCH

PKFINMI I'I..C2A~-~ 2

0dI4Vw)1mvIJ/Z.- lOGO0.
)L A4VLL /F04'IC 00.
'dG=I (P-i)/2
4NL AM- I I I m*Fu I +~t Nu+ + *

r4GG= L AM/ I UP
NAC fR=NGG/2
J I = I
IAZI
LALL *VK'4o( WPEAK LI
JJZI

[A=1

1)0 20 JzltNu
IF:(J.E.l)CALL ukr ING

CALL GKI)l
CALL PHASEiA)
CALL GRJ2
CALL PH-MAt2llA)

I~-J.EJ.NGGALL GRI- &Nl

IF-(J.Eh.NuG1 1-1
20 CUNfINUE

iF~iu.iuT.1) 6ou IT I
CALL EIbf ING( Iijof ING)
CALL EbtuN( 1,U)
CALL LBPAU(I-I
GOU Tu 2

1 L.UNTJNUF-
CALL LB-IN( I)FINt.kLuI
LALL GKCt1NI IUPFIN6,KEU I
CALL GkPAOIUtfINGtkkU))

2 LUNriNUL

LN



') 1" C > " C 1( t) 1 100 y "IIy 100) 1 0 140 IOU) 9x PK ( 1OC) IXPLC 0)
)L rI il) Ip L I L ( O() oPtL IOO~) PK 1 00) VTL 1100 1, VI K(1001 A( NO),

L ( 10^1) tPAO)Ut 103 1 p,.ji ( 100) , vI AU(LOO I ,V IAL( LOOI),LYU( 100 ),SLYL ( 100)1
L ,PHY C( 103) *r 'tlyu I I)), V IVL I 10) vVTYU( 1001 oSSLYL( 100 1, SLYLL( 1Z001
, SS[iI,<( 1001, ) a L T L ( C))SSLLTLC100)9tSLTLL~jOO)
,.LUM'-'JN4A, 3hjvOL AM#,t Yopi) IYU v3CJvNJNG,3 XI'K#XPL sJjp II ,LTK@eL I,v

CP,1'ti b v1.%ILt Vfp , 9q~k ,PAUULJPAJILV IAt UVIAL, SLYU, 3LYL.$P1YALpmyU
V 1I YL 9V rYLuJ I, > Lf I kYLL t,)L R, SSL I L vS LLL ,L ILL

it) N~l ,,PEAKS,Cl
JG Z L =1 N,,

r, Lt ~N- I

~~C~ (A K4 ~
I A I A + 1

2 Co d I Nut
+ 4 4 C t '

ICA CI

[U L-1 ICA

L uNI 1NUL

3 FUKAiAT 1I),IODXtFID.l2)

C

1 4 N S I (I XC( 10 03 ,YCLAIJ 100 0 J W( 10 0 1 0 10 Pi0 J X P L 103),
L,,Llid0'HSLTL~II,,L)k),,tJI-1RCHRI0OVILIO)VeR.OO)AC 100).

L 1PHL , OHI,I-,UC1#A&,IYL~i0O),VtYJUPI3J,SVLALtCLO0),LYLPHLtth.J0

Yj I ) JAV

ko = C I d .I)

VLL =YLC i J
lrIJI.GT..NGt.)YUC1I)-YLL
CF JC .01 .'J&A,)Y C. C) -YJU
nLJC C II)LAMA/4 .
uALL t.PgJl
JI zJi+£
Ci CC.L I.lOJJC 1
CI I
X1 C) =X ~j-1) 41 LAM/4.
Y L 4 E 1=- i) o
Id C I ) z'4

iw) + *0)jAM1
YL1 -YL CCI)
IUU=IJ( C)
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FI- ( i. I .T.6u IYU( I I =-YL

WDH I I )JLk14.
CALL GPA )2

, ND

L

CS( 7C )I PAL,) 11)0 1#JL 10 It VI AJ(I JO )9V IAL( 100)AYA 00) ,SLYL(.1031
Ct Diy ( 10)9 HYU( LOO I , I IYL 1 100) , vTYJIO00) v .SLYL( 103J 1,DLV LL( LUO I

Lo,).SLT~ I K(00 1, tS)- I L( LDO It LL I Li I JO) tSA LL( 100)
COUNXt d.xv)L AMPN YL rY U. nl'),ItJ p ,N pi6p X XPL o JJ I I, SL I K, )LIL #

YL (I J=-MvLO- . 7*uL A

YU ( 1) I = iJ*SC I X I *,e.-Oi.lU
VLLz'YL I I
YUU= Yu ( II

I LIF u NJ.T.u~vL Y( I) =-Y'.

WOC 1 1 1 AAM/4 .

I A-I A + L

YL I )=Yj( -1) +LAM
YU( I)3M~j + . kUL AM
'LL=VL( Ii)
Yuj- YU ( I I

IF J 1 .L II -1 Y = YJ

1=1+1
I F ( K .vE. f,, )uAL L Pri li,

L LOW I NUF

tND

L

SJbMUJTIN- ;,,k02
ULLV) i,,i XC(0O(,1 YL( (>11,VJ( 7'301 ,wL)iD ?O~ XPKI L,)0I,APL~i O(eI

LSLIK(IJ1), SLIIiOO),$h'L i L0)tI-KI 100).vrL(iOOI Vlki 3.003 A(7001,

C.',PHL C IC'I ,PtYUI 0), L'Tr13.00) ,TYU( 0) IA(,SSLYL 13.00 1LLL 003
SSHL IIO1C VHYI, L C O0,TLLtLk0h , St ILOOO IY(LOo LYLL

LuMuNX,rL,JAM#,L(Y~tJ, ett'U ii,(NuujXPR.XPLPJJIit,L~k.,LIL#

CVYLVT'rdJL, YLtLYLL,SLRSLLSLLTL,.)L[LL
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y.J t I L3A= 3 ,-u . 4.- ,,L A M

"LL= YL ( II

' Ju.fu I I
i-|Ji.o,.NGi~t, {| ):--LL

IF IJ I.uI .,,GLu)yt i I |=-YOU
. I 

= 
1 .- uLAM/.

+LI l=- :i---3. JLM

Ji( I = wI.

LL L t I)
YJU-YIJ I

IFI J .,,I .'4uu) , J =-YLL
I I J ,* oi L i J :-YUU

I I - )fLAM/ i.

E IJKN
r A JO

L
J.-W I I N3: PHA IAJ

0 1Mt , I A<, (7) , Ll I J0 ,Yu 1 vv1, J 7 0 0 X P Rl10 U ,A P L 13 0

t.'L TiR L " ) t ,L I1039 , lL I IJO , Pi-Hk L 0 , VrLi 100) ,,VlI(100) ,A110J,
L,,(|70 ) ) ,

r 

P' U ( I 
(
)
l l 

) v rA JL I I ) , V IAU( 100 It V I L(l [0 ),,LYU( 1OO ,3LYL ( LOD

P. H Y IL I C-) I t P H Y ( Lt0 ) v V l I 0 0 ) , vT I 0 01 , S-'L YL i Cj O01 # L VL L( 103 j

, jL I ( Ir) ) # ' L IL ICCL) ,> IL 1001 , LTLL I1O0 )
W!, iJ A I vy 4 J ,L)L tl, Y1 L YU r, J t I ,J ,N v ,N G #A P A tX PL 9 1J , I I LIki L ILi

O 'L v P tJ i ! L t7 w I , l A .a N (- !k KI A U uu , AL) L , i/ I A ut v l I L 'I a S L tL lti Yrl L u ,i

k'4 I YL , v TYc,JI :)-,LYL,-SLYiLL SA TRb-LiLjSSLLIL bL ILL

LJ K=L,(
I j +:: J,'A /L,Al I D= , I -t ) +Li.' ,'2.')

v ( . . )X( I i Al I-ijB,. +JLA/Lt.

Vl) ={HMA Ji[.7',LAM

1 r I K I.,Y uI M v J + U*ULAM
Y L L
y Ju-4o( 1

It ( J I ., .T N Yu I i -iLL
It IJl . ,T. uul t L ( I A'-iJu.

| Nl.Lcw.\ ,) .UA[ P2OAN4
I .L AP K
I-1I+i

ILr I I i -*cll Z * ,L AM

'rJI I -i'ti i)-a 1A
+L-YL I)

YU I Ji I A
Yl I l . l I I

|f I Ji . A .. G IYLI I) Yti -- 1JILLAM

1- ll't

If- I K.Nt. J L.AL P 2(;
L JNl I>JLL

f N J

,G N



S~bRUU I INL PH (0C lu0) iLO) P 1 LLG

L L r< 101)SLI CU) rPtL( 1('0) PHK100) VTL(1J0J , vIRiLOOI,AC 1031)1
k,) (CO) AJJ ( I )(;) , 'AJL ( lu I' , v IAU ( i0) 4 1AL I 130)1, )LYU( WO0) , $LYI L00)

SL Tv,( 1O.01 , ~L I L ( i)J ) . -L f LI 1003), al L LI 100 )

vTIYL 4 IYJ ,LY L S ,LYL L L I 1,S.)L L jIL zl-I LL

YL I Ij
YJ ( j ) = *' 4 11 u L AAi

YL L= VL (I
IFJI= Y~; t i I ~-

I- CJI .I .,.uolLI) 1-YLiL

i l II PL4,/4

LNL

L

J0t <(UU II %IL "Itt

4(,L T ( ')) , o TL (I I'O ,,L Lb ILtL -K 10 I'O , i L ( 0IC ,vOK) 0 ),Ai 0

P HJ f )~.L b ( 1 0 1 P l J(1 01,VI i(1 1 vIYUI1 )ISSLYL 0 j 0

S Lu T K( I L 1 L)

YLL( I' I o 1

IF Iji J1 Gi

VjjL I) 3LAM/r,
I+ I

fKt T.JKr

01 MENS [UN X( (00) #YL( 100) ,yuA 703) J.w( 100) ,X(Pk( 103) ,APLI 100),t
L)LTK( 100 I, S L IC10) ,PHL ( LOCI),PHK( 1D),V!CL tu0) vTR4I100) ,At IUD)

u )700,PAU1O)$u)L(lC1,)VIALO(0)VI4gI10).>LYUIIOO),)LYL(10O)

L, H L 0p 'Y (1 0 1V Y (1 91, t U 0 ) )) Y O )@ S Y L11 0
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iPALtJJ)=PAuU(Jjj-1.0

UPL~ PL)I JJ )
'IV A) ( .T N J P~j i )= P

VIjAJIJJI =PAJJJJ)-. 15
vICAL(IJ J j PAJL(CJJj
It Fi ( J .1 . -) L ( JJ) IPAUL JJ 15L
IF( J I u ,I .. v I AJC J J ) PAUJ (JJ I

J N J 11 ,

C L I" , I k )L I I C 10 ) I PH L 10 j I ,P tikl3 R ~ I 10 19vIL(13) p vITMR 10 01 , A( I

,4 1,)J) dAJLJ I.CO~ IC P,L ( 100) V LAU( 00 .SAL Jo 1001Yj mLOJ YL 100

'LPHL, Pt i1 , , I L V I k , .4, , ., I , PAOu 9P A0L)Lv IAu ,V IAL , U. LJ L V L'k" VL .jr VJ,

VIYC v V I YJtj J .LY 1. 'YVL ., LIR, .SLTLt jLLILt ILL

XPLCJJt 4u1 )=X( I)-,iJ( 1/2.

A Pm J #-YGI A) VL I J +,Au I G +. 37 1 u L tA 5*U

ePA Oj J J +N,II = PAt) L JJ + N GI.)+1.0
',J PAJ I J J N II

V I AL ( J J4 AG I ) =t,- Abl ( J J- +NG I) +. 15

1 F J t. u I N(k)V tAL JJNul) .J)LJJC:.;L)

kE TJRN

)IAF4),1jN X( 100l ,YL( 100) 'YU( 7001 twDU 70019XkPK( 10),XPL(100) 9
jjL I'<( IOC) ,SLIL-( 100) ,PHL( IJ0)PH-R( iJJ).VIL( 100) ,VIKI 1001 pAt IJ,ij
ts( 100) O"ADWCCO P'At4)L( 10J) VIAU(100),VIALjlOO),.SYU( L00)SLYLI 100)
L,Prl-LCi001 D)HVU(I0),9VYL( 00) VTYULOO)#SSLYL(00),. LYLL( 00)

LUdMALJNX, 6MWJ)e)LAM, YL9 JpviUI tJ.NLNi,',XPRX*LJJqISLIReSLTL,

LVIYLVIYUP,JlI,SLYL, )SLViLL, ISLIRSLTLSSLLTL,#SLILL

JL ItI I I )=A (I )*LAf//*.-.2*JLAM/4.

2.)LL I II ) =)LT T I ( I)-ov



SSLLIL U LI StHL( U 3-.*)AM4
St L(lii JL I I) +iG .LU)LCA
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